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The first measurement of the diffuse background spectrum at 0.8-1.7 µm from the CIBER exper-
iment has revealed a significant excess of the cosmic infrared background (CIB) radiation compared
to the theoretically expected spectrum. We revisit the hypothesis that decays of axionlike particle
(ALP) can explain this excess, extending previous analyses to the case of a warm relic population.
We show that such a scenario is not excluded by anisotropy measurements nor by stellar cooling
arguments. Moreover, we find that the increased extragalactic background light (EBL) does not
contradict observations of blazar spectra. Furthermore, the increased EBL attenuates the diffuse
TeV gamma-ray flux and alleviates the tension between the detected neutrino and gamma ray fluxes.
I. INTRODUCTION
Recently, the Cosmic Infrared Background Experiment
(CIBER) collaboration has claimed the detection of an
unexpectedly high flux compared to theoretical expecta-
tions in the 0.8-1.7 µm range of wavelengths [1]. This
measurement is complementary to other observations in
the infrared band like the ones carried by AKARI [2] and
IRTS [3]. Even if an astrophysical explanation of the de-
tected excess or systematic errors are not ruled out, it is
worthwhile to speculate about a possible flux due to big
bang relics, such as an axionlike particles (ALP) with
mass around 1 eV. ALPs generalize the concept of the
axion, introduced to solve the so-called Strong CP prob-
lem, which has multifaceted phenomenology [4]. How-
ever, ALPs could have coupling to particles besides the
one to the photon, e.g. involving a hidden photon. The
contribution of such ALP decays to the cosmic infrared
background (CIB) was examined in Ref. [5]. Here we will
revisit the hypothesis, taking into account the detector
energy resolution, the possibility of warm dark matter,
and the implications of increased EBL for blazar multi-
messenger observations.
While a solid lower bound to the CIB radiation can be
obtained through deep sky galaxy counts [6], the precise
shape and intensity of the diffuse, unresolved spectrum
in the near-infrared wavelength range is still unknown.
Direct measurements [2, 7, 8] are difficult because of the
large uncertainties caused by zodiacal light. Theoreti-
cal models are also subject to uncertainties, which result
in different predictions [9–11]. The uncertainties make
it difficult to identify any additional contribution to the
extragalactic background light (EBL) besides the stan-
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dard flux due to galaxy emission. Possible enhancements
could come from ultraviolet redshifted photons produced
by bottom-up astrophysical accelerators, ranging from
high redshift galaxies [12] to black holes [13].
The EBL can be also measured indirectly. Very high
energy gamma rays from blazars have been used to set
an upper limits on infrared background radiation [14].
An indirect measurement has been recently carried out
using 739 active galaxies and one gamma-ray burst [15].
However, while such kind of measurements could in prin-
ciple strongly constrain substantial contributions not re-
solved by deep galaxy surveys, the possibility of sec-
ondary gamma rays produced by cosmic rays along the
line of sight [16–20] undermine these upper bounds.
In the last few years, searches for indirect probes of
portals connecting the standard model of particle physics
with the dark matter sector have been pursued (see, e.g.,
[21]). ALPs as a dark matter candidate have recently re-
ceived great attention due to the non detection of weakly
interactive massive particles [22]. It is, therefore, im-
portant to examine the CIB data in light of the ALP
hypothesis.
Apart from the increase of the EBL, this hypothesis
has an observable impact on the propagation of TeV pho-
tons because it implies an enhanced opaqueness through
γγ → e+e− processes. A higher level of EBL would help
alleviate the tension between the observed neutrino spec-
trum and the gamma-ray spectrum of blazars, as dis-
cussed below. We present a case study in which mul-
timessenger, multiwavelength observations can be ex-
ploited to obtain new tools to indirectly probe funda-
mental physics beyond the standard model, making use
of data from neutrino telescopes (IceCube), gamma-ray
satellites (Fermi-LAT) and sounding rockets equipped
with infrared cameras (CIBER), extending the already
flourishing multimessenger astronomy tools [23].
The paper is organized as follows. We will review
the CIBER data and the particle physics content of an
ALP model; we will then tackle the bounds coming from
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2anisotropy observations by the Hubble Space Telescope
and CIBER itself. Later we show how the increase of the
CIB affects the propagation of ultra-TeV gamma-rays.
This brings us to a final discussion and our conclusions.
II. FLUX FROM AXIONLIKE PARTICLE
DECAY
We are interested in the redshift evolution of the diffuse
infrared radiation produced by the decay of a relic axion-
like particle to a photon and a hidden photon, a→ γ+χ
[5, 25]. The possibility of having axions with suppressed
two-photons coupling has received some attention re-
cently due to the peculiar phenomenology of photophobic
axions [26]. The decay is due to the Chern-Simons [27]
interaction Lagrangian
L ⊃ gaχγ
4
aFµν F˜χµν (1)
where F˜µν = µνρσF
µν/2. While such a coupling be-
tween dark matter and photons is not directly inspired
by solutions to other problems (like the QCD axion), ex-
perimental signatures would be quite different from the
ones of the QCD axion, motivating us to explore this class
of parametric models. The nonrelativistic decay rate for
the ALP is found to be
Γ =
1
16pi
|M|2m
2
a −m2χ
m3a
=
g2aχγ
128pi
(m2a −m2χ)3
m3a
(2)
where the squared amplitude averaged over final polar-
ization states is |M|2 = g2aχγ(m2a−m2χ)/8. This correctly
reduces to the usual axion decay rate when mχ = 0 and
one includes a factor of 2 due to the final state involv-
ing identical photons [28]. Interestingly, the decay rate
depends just on one kinematic quantity in the nonrela-
tivistic approximation, namely, the maximum available
energy for the outgoing photon
ωmax =
m2a −m2χ
2ma
. (3)
The degeneracy would be broken if the ALP were non-
negligibly relativistic.
The energy intensity (energy flux per unit of energy,
time, surface per steradians) is computed from a window
function W (z′, ω′),
I(ω) =
ω2
4pi
dN
dSdωdt
= ω2
∫ ∞
z
dz′W (z′, ω′)
=
ω2
4pi
∫ ∞
z
dz′
H(z′)
(1 + z)2
(1 + z′)3
e−Γt(z
′)
×
∫
d3p′a
(2pi)32E′a
d3p′χ
(2pi)32E′χ
ω′
4pi2
× (2pi)4δ(4)(p′χ + k′ − p′a)|M|2fa(p′a) , (4)
where H(z) = H(0)
√
ΩΛ + Ωm(1 + z)3 is the Hubble
function, z is the redshift at which the flux is “observed”,
z′ is the redshift at which a decays with a squared am-
plitude |M|2, the momentum at the production point
is ω′ = ω(1 + z′)/(1 + z) = ω(0)(1 + z′) (as well as
p′ = p(1+z′)/(1+z)), fa(pa) is the momentum distribu-
tion of the ALPs, so that the number density (when there
is no decay) is na =
∫
d3pa/(2pi)
3fa(pa). In the follow-
ing the superscript (0) will indicate comoving quantities.
We include the reduction in the number density due to
decay with rate Γ over the cosmic time
t(z′) =
1
3H(0)
√
ΩΛ
log
√
ΩΛ + Ωm(1 + z′)3 +
√
ΩΛ√
ΩΛ + Ωm(1 + z′)3 +
√
ΩΛ
,
(5)
whereas we do not need to account for absorption; the lat-
ter is negligible in the wavelength range under study. The
only relevant process reducing the flux of a single source
is due to Thomson scattering [29]. However, Thomson
scattering preserves the energy of the scattering photon.
As such, it is irrelevant in the case of diffuse production
with no sensible fluctuations in the electron spacial dis-
tribution, which we consider in first approximation to be
homogeneous. We will now explore two main scenarios,
involving cold dark matter or warm dark matter.
A. ALP cold dark matter
Equation (4) correctly reduces to Equation (50)
of [30], when one takes a cold dark matter (CDM)
distribution for the ALP population, fa(pa) =
n
(0)
a (2pi)3δ(3)(pa)(pa/p
(0)
a )3, and gets rid of Dirac deltas.
Integration over z′ yields
I(ω) =
1
4pi
ω2(1 + z)2n(0)a Γ
∫ ∞
z
dz′e−Γt(z
′) δ[ω
′ − ωmax]
H(z′)
=
1
4pi
ω(1 + z)3n(0)a Γ e
−Γt(z˜) θ[z˜ − z]
H(z˜)
; (6)
here, z˜ = (1 + z)ωmax/ω− 1 and θ[z˜− z] is the Heaviside
function. As expected, the comoving intensity is simply
found by multiplying times a (1+z)−4 factor (one power
coming from ω). For z = 0 this agrees with Equation
(3) of [5]. In the same paper, the (three-fold) parameter
space to explain the CIBER excess has been explored.
The maximum available energy must be ωmax . 10.2 eV
to avoid constraints due to reionization and more strin-
gently to the Lyman-alpha forest absorption spectrum.
The lifetime Γ−1 should be roughly of the order of the
age of the Universe, and cannot be too small because
ALPs can be produced in astrophysical systems, modify-
ing the stellar evolution [5].
On the one hand, the ALP decay to a photon plus
a hidden photon avoids the direct detection bounds on
the coupling gaχγ , which instead constraint the gaγγ of
3��� ��� ��� ��� ��� ���
�
��
��
���
���������� [μ�]
��
�[��
/�� /�
�] ����� ����
����� ���
����� �
����� ����������
��� ��� ��� ��� ��� ���
�
��
��
���
���������� [μ�]
��
�[��
/�� /�
�] ����� ����
����� ���
����� �
����� ����������
FIG. 1. Photon intensity flux from a decaying cold dark matter ALP. Experimental data include CIBER data with Kelsall ZL
model (blue, continuous lines are systematic error), CIBER with minimum EBL model (red), IRTS (green) [1, 3]. The total
flux (solid black) include the flux from ALP decay and the astrophysical diffuse (dotted black), which we assume to be the
upper bound of the band reported in [24], shown in orange. Left, model A: ωmax = 1 eV, τ = 2× 1022 s, R = 2/3. Right, model
B : ωmax = 8 eV, τ = 1× 1016 s, R = 2× 10−4.
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FIG. 2. Same as Fig. 1, but assuming a decaying warm dark matter ALP. Left, model Cth: Tth = 0.37T
(0)
γ = 0.086 meV,
ωmax = 1 eV, τ = 9×1021 s, Rth = 7×10−3. Right, model Cnth: Tnth = 16.7 meV, ωmax = 1 eV, τ = 3×1021 s, Rnth = 2/3×10−3.
standard ALPs (decaying to two photons),1 as well as
astrophysical bounds due to horizontal branch stars and
SN1987a [31]; however, ALPs could still contribute to
stellar cooling via plasmon decay γ → a + χ, which is
possible in a medium as the photon dispersion relation
allows for such a decay to happen. We will explore these
bounds in Section IV. Notice that these bounds can be
avoided if a and χ are heavy and almost degenerate in
mass. Finally, there is another parameter which can be
varied to fit CIBER data, the ALP number density n
(0)
a =
RρDM/ma, where R/ma is a numerical factor and ρDM
is the total DM energy density.
1 In principle there should be also the operator L ⊃ gaγγ
4
aFµν F˜µν ,
but it can be technically natural to set gaγγ = 0 assuming a
Z2 symmetry of which a and γ are different representations.
This also sets to zero the kinetic mixing L ⊃ gkinFµνFχµν , which
would also contribute to stellar cooling.
B. ALP warm dark matter
In the following we will also consider the scenario in
which the ALP population represents a small warm dark
matter (WDM) contribution to the DM energy density.
This implies an additional fourth tunable parameter,
namely the effective temperature. WDM can be pro-
duced both thermally or nonthermally [32, 33]. In the
first case, we suppose that the abundance is given by
fa(pa) = 1/[exp(|pa|/Tth(z′))− 1].
The distribution could arise, for example, if the ALP
and the hidden photon were in thermal equilibrium with
the primordial plasma in the early universe; their popu-
lation would be the result of relativistic decoupling, sim-
ilar to what happens to neutrinos. The processes which
contribute the most to the equilibrium are pair annihila-
tions in the s channel e+ + e− ↔ a + χ and to a lesser
extent plasmon decay γ ↔ a + χ, which is possible in
4the early universe just as in stars. While plasmon decay
is negligible in the early universe production of ALPs,
it is very relevant for star cooling, as previously stressed
and as we will show in Section IV. Other processes like
a + e− ↔ χ + e− could slightly affect the dark sector
effective temperature after decoupling, without changing
the number density.
The cross section for pair annihilation is
σ(e+ + e− → a+ χ) = αg
2
aχγ
96
; (7)
the process drives a and χ out of equilibrium when the
thermal width is roughly comparable to the Hubble func-
tion, viz. 〈Γe+e−〉 ' H. By noting that in a radiation
dominated universe H = 1.66
√
g∗T 2/mPl, where g∗ is
the effective number of relativistic degrees of freedom at
the decoupling and mPl = 1.22× 1019 GeV is the Planck
scale [34], this happens when
3
ζ(3)
pi2
T 3
αg2aχγ
96
' 1.66√g∗ T
2
mPl
(8)
which is
Tdec ' 4.8× 103
(
10−9GeV−1
gaχγ
)2
GeV . (9)
Let’s suppose that there is no new physics between the
electroweak phase transition and the decoupling scale.
If ALPs decouple at Tdec, their number density at late
times is governed by g∗s, the effective number of ther-
mal degrees characterizing the entropy at the decoupling
epoch.The number density of ALPs at low redshift is
therefore
n(0)a =
g∗s(T (0))
g∗s(Tdec)
n
(0)
γ
2
(10)
where the sum is over all the particle content of the
standard model plus a and χ. Assuming gaχγ ' 6 ×
10−9GeV−1 (i.e. τ ' 9× 1020s), we approximately find
n(0)a '
20
cm3
. (11)
The most important consequence of a high decoupling
temperature is that big bang nucleosynthesis constraints
are relaxed. The energy density of the ALPs (one de-
gree of freedom) and of the hidden photons (two or
three degrees of freedom depending on the mass) is sup-
pressed compared to the energy density of additional
sterile neutrinos or axions which decouple later. To
compare, suppose we had introduced a sterile neutrino,
which would have implied at least 2 new degrees of free-
dom. If the decoupling is after the QCD phase transi-
tion its contribution to the effective number of neutrinos
∆Neff ' 0.57 would have been at least three times larger
than ∆Neff . 0.2 due to a and χ [35]. This conclusion re-
mains approximately valid as far as the decoupling takes
place before the QCD phase transition.
To recap, there are cosmological constraints coming
from measurements of the temperature and polarization
power spectra of the CMB anisotropies, the large-scale
matter power spectrum, and the Hubble expansion rate
[36, 37], which usually apply to a lately decoupled axion.
However, these bounds can be relaxed depending on the
decoupling temperature of the ALP. Interestingly, better
cosmological measurements could exclude also this class
of ALP models.
Alternatively, a nonthermally produced dark matter
can have a momentum distribution with a strongly model
dependent functional dependence, typical of freeze-in sce-
narios, where the distribution is set by the thermal dis-
tribution of the parent particle, the masses and the cou-
plings [38–43]. An out-of-equilibrium decay of heavy par-
ticles can also alter the clustering properties of dark mat-
ter [44]. In the case of very low reheating scenarios, cos-
mological upper bounds on the mass of hot dark matter
can be relaxed [45]. One can assume a benchmark dis-
tribution fa(pa) = Rnth/[exp(|pa|/Tnth(z′)) − 1], where
Rnth is again a numerical factor and T
(0)
nth can be in princi-
ple higher than the CMB temperature. Equation (4) can
be expressed in terms of special functions with these dis-
tribution. The Dirac delta function can be used to get rid
of the angular part of the pa, and this would introduce
a minimum absolute value of the momentum |p(0),mina |:
W (z′, ω′) =
Rnth
(2pi)3
(1 + z)2
1 + z′
e−Γt(z
′) Γ
H(z′)
ma
2ωmax
× 1
6
[
3|p(0),mina |2 − 6T 2Li2
(
e|p
(0),min
a |/T
)
− 6ipi|p(0),mina |T
−6|p(0),mina |T log
(
e|p
(0),min
a |/T − 1
)
+ 2pi2T 2
]
;
(12)
where Li2 is the polylogarithm of order 2, T = T
(0)
th (or
T = T
(0)
nth) and
|p(0),mina | = ±
[
(m2a −m2χ)2 − 4m2aω′2
]
4(1 + z′)ω′2
(
m2a −m2χ
) (13)
depending on whether ω′ is smaller or bigger than ωmax.
The photon intensity spectrum due to the astrophysi-
cal diffuse, assumed to be [24], plus the ALP decay contri-
bution is shown in Figures 1 and 2 for different choices of
the parameters. We plot two CDM scenarios with small
and large ωmax (model A and B) in Figure 1. In Figure
2 we show two WDM scenario, assuming for one a ther-
mally produced ALP (model Cth), and for the other an
extremely large Tnth, to make more evident the ALP ki-
netic energy effect on the photon spectrum (model Cnth).
Considering a thermally produced ALP population (in
the following named model Cth), the intensity spectrum
is indistinguishable from the model A CDM spectrum.
5Model A and Cth however differ strongly for what con-
cerns the intensity anisotropies, as we will see below.
III. ANISOTROPY CONSTRAINTS
The gravitational clustering of dark matter makes the
photon flux produced by the decaying ALP anisotropic.
In this section we revisit the calculations as done in [5,
46]. We take into account the energy resolution of the
detector, following [47]. To the best of our knowledge,
this is the first time such a procedure is carried out in
the context of infrared photons produced by dark matter
decay. Our main goal in this section is then to revisit
the bounds on CDM scenarios from anisotropies, and to
extend the analysis to a WDM scenario.
The average intensity of the flux detected in an energy
band centered in ω with width ∆ω is given by
I(ω,∆ω) =
1
∆ω
∫
∆ω
dω ω2
∫ ∞
z
dz′W (z′, ω′) (14)
assuming a ∆ω = ω flat passband filter for the detector
[48]; the fluctuations toward a direction of the sky nˆ can
be expanded as spherical harmonics
δI(ω,∆ω, nˆ) =I(ω,∆ω, nˆ)− I(ω,∆ω)
=
∑
l,m
al,m(ω,∆ω)Yl,m(nˆ) . (15)
Anisotropies are often conveniently described in terms
of the angular power spectrum (suppressing the ω depen-
dence from the notation)
Cl(∆ω) = 〈|al,m(∆ω)|2〉 = 1
2l + 1
∑
m=−l,+l
|al,m(∆ω)|2
(16)
which written in terms of the window function is
Cl(∆ω) =
1
∆ω
∫
∆ω
dω1 ω
2
1
∫ ∞
z
dz′1W (z
′
1, ω
′)
× 1
∆ω
∫
∆ω
dω2 ω
2
2
∫ ∞
z
dz′2W (z
′
2, ω
′
2)
× 2
pi
∫
dkk2Pδ (k, r(z
′
1), r(z
′
2))
jl(kr(z
′
1))jl(kr(z
′
2)) (17)
where r(z) =
∫ z
0
dz/H(z) is the comoving dis-
tance, jl(kr(z)) is the spherical Bessel function and
the power spectrum (i.e., the density contrast) is
defined as 〈δk1(r(z1))δk2(r(z2))〉 = (2pi)3δ(3)(k1 −
k2)Pδ(k1, r(z1), r(z2)). If the power spectrum varies
slowly as a function of k we can use Limber approxi-
mation [49], which is correct up to O(l−2) [50]
2
pi
∫
dkk2Pδ(k, r(z
′
1), r(z
′
2))jl(kr(z
′
1))jl(kr(z
′
2))
' 1
r(z′1)2
Pδ
(
k =
l
r(z′1)
, r(z′1)
)
δ(1)(r(z′1)− r(z′2)).
(18)
Notice that we do not have to worry about the sharp-
ness of the differential flux caused by the delta func-
tion in the window function for CDM, because this is
cured by averaging over the energy bandwidth of the de-
tector. This procedure has been used for similar anal-
yses with gamma rays (see e.g. [51, 52]). Defining
zM = ω
max/(ω−∆ω/2)−1 and zm = ωmax/(ω+∆ω/2)−1
as the maximum and minimum redshift observed in the
anisotropy measurement, we have
Cl(∆ω) =
∫ zM
zm
dz
{
1
4pi
e−Γt(z)
H(z)(1 + z)3
ω2maxΓn
(0)
a
1
∆ω
}2
× 1
r(z)2
Pδ
(
k =
l
r(z)
, r(z)
)
H(z) . (19)
Our redshift dependence agrees with the one of Equa-
tion (A10) of [47], because we are considering the angu-
lar power spectrum of the energy flux (units are energy
squared per time, per surface, per steradians and per en-
ergy); to compare the results of [47] and ours, Equation
(A1) of the same reference shall be multiplied times ν,
which gives an additional (1+z)−2 in the final expression.
The anisotropy power spectra for lighter (ωmax = 1 eV)
and heavier (ωmax = 8 eV) dark matter are shown in Fig-
ure 3, where they are compared with data of CIBER [53]
and of the Hubble Space Telescope (HST) [54]. The mat-
ter power spectrum has been calculated through CLASS
code [55], publicly available at [56]. In the first case, we
explored both the CDM and the WDM cases (assum-
ing ma = 2 eV for the latter case). The WDM power
spectrum has been computed in the adiabatic approx-
imation [57], Pδ,WDM = (TWDM/TCDM)2Pδ,CDM, where
T is the transfer function.2 The latter relates the pri-
mordial and the present day power spectra [58], and is
another CLASS output [59]. In all cases, given that we
needed to integrate over the redshift, we assumed conser-
vatively a linear evolution for the matter power spectrum,
using the non-linear matter power spectrum Pδ obtained
with CLASS, calculated at redshift z = 0 and evolved
backwards
Pδ
(
k =
l
r(z)
, r(z)
)
= Pδ
(
k =
l
r(z)
, r = 0
)
D(z)2 .
(20)
Here, D(z) ∝ H(z) ∫∞
z
dz′(1 + z′)H(z′)−3 is the linear
growth factor, to be normalized with D(0) = 1 [51].
As heuristically expected, WDM evades quite easily
the constraints due to anisotropy measurements, as un-
derstood by showing the model Cth anisotropy spectrum
(dashed line in left panel of Figure 3). These become un-
restrictive when considering a non-thermally produced
hot dark matter with high effective temperature, like in
2 The transfer function TWDM must be evaluated including the
dominant dark matter component, which is assumed here cold
and different from the decaying ALP.
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FIG. 3. Angular power spectrum due to the decay of an ALP. The data shown are the anisotropies detected by CIBER at
observational wavelength λobs = 1.6µm (dark blue), and by HST at observational wavelength λobs = 1.6µm (dark red) and
λobs = 0.85µm (dark green). Left : anisotropies in the 1.6µm band for models A (solid line) and Cth (dashed line); center :
anisotropies in the 1.6µm band for model B; right : anisotropies in the 0.85µm band for model B.
model Cnth, as their free-streaming length is even larger.
Light CDM (model A) can be considered excluded by our
analysis.
For what concerns heavier dark matter (model B), our
results are shown in the central and right panels of Fig-
ure 3, where the anisotropy power spectrum is computed
both for the 1.6µm wavelength band (light red) and for
the 0.85µm band. The 0.85µm band slightly overshoots
the observed data in the relevant wavelength; however,
the exclusion is much weaker than what has been found
in previous analysis [5], due to averaging over the detec-
tor bandwidth.
A final comment is required about the anisotropy mea-
surements. While our goal in this section has been to re-
visit previous analyses accounting for the detector band-
width, a cold dark matter origin for the CIBER excess
is still excluded, even if less strongly than previously
thought. On the other hand, a thermal ALP population
origin is not falsified by anisotropy measurements. Nev-
ertheless, anisotropies hint either to the possible presence
of an additional astrophysical class of sources to the EBL,
which would possibly explain the angular power spectra
of difference wavelenghts complementing the dominant
contributions of shot power at low multipoles and galax-
ies at high multipoles [46], or to a different modelling of
the latter.
IV. STAR COOLING CONSTRAINTS
The processes by which the populations of ALPs a
and hidden photons χ are mostly produced in a plasma
depend on the temperature and density conditions of
the stars considered. Let us consider plasmon decay
γ → a + χ. Other processes like photo-production,
pair annihilation of photons or bremsstrahlung are sup-
pressed by a higher order in the coupling gaχγ or e =√
4piα. While these processes can be relevant for other
kind of particles and interactions, we anticipate that
the strongest constraints come from stars which would
mostly emit a and χ through plasmon decay.
Given that we are interested in an order of magnitude
estimate, we will not take into account the longitudinal
plasmon decay, as it would be a negligible correction,
keeping only the transverse plasmon decay into account
[31]. The longitudinal plasmon decay in fact contributes
negligibly to the cooling, because there is no resonant
conversion from longitudinal plasmon to pseudoscalars
[60]. The decay of a strongly nonrelativistic plasmon is
due to the coupling
L ⊃ gaχγ
4
aFµν F˜χµν =
gaχγ
2
aE ·Bχ , (21)
because the oscillation of the plasma is purely electric
when the momentum of the plasmon is much smaller than
its frequency. In general, E = −∇A0 − ∂tA and B =
∇ × A, so that E ∝ ωT and Bχ ∝ kχ × χ, where
ω =
√
k2 +m2T ' mT is the frequency of the plasmon.
The usual Feynman diagram rules then give
|M|2 = g
2
aχγ
4
m2T
2
∑
T ,χ
|T · (kχ × χ)|2 (22)
=
g2aχγ
4
m2T
2
∑
T
|T × kχ|2 (23)
where mT is the “transverse photon mass”. The sum
over the transverse polarizations is in the Coulomb gauge∑
iT 
j
T = δ
iδj − k
ikj
|k|2 (24)
which gives
|M|2 = g
2
aχγ
32
m4T (1 + cos
2 θ) (25)
where θ is the angle between the plasmon and the hidden
photon momenta. Including a boost factor mTω , the decay
rate of a plasmon with frequency ω is given by
Γγ =
1
3
ZT
g2aχγ
128pi
m3T
mT
ω
(26)
7where ZT is the vertex renormalization funcion [31]. This
expression reduces to
Γγ =
1
3
g2aχγ
128pi
ω3pl
ωpl
ω
(27)
in the nonrelativistic, nondegenerate limit of the plasma.
This is the formula to be used in most of stellar plasma
cases, where mT ' ωpl and
ω2pl =
4piαne
me
, (28)
with ne electron number density and me electron mass
[31]. Notice that our result is 1/3 smaller than the one
found in [5].3
The production of ALPs and hidden photons in hori-
zontal branch stars through plasmon decay (when their
mass is smaller than the plasma frequency) puts bounds
on the coupling gaχγ . The energy loss per unit mass due
to plasmon decay is given by
 =
1
ρspi2
∫
dkk2
ω
eω/T − 1Γγ (29)
where ρs is the mass density of the star. So we obtain
 =
ζ(3)
192pi3
ω4plT
3g2aχγ
ρs
' 0.6 erg/g/s
×
( ωpl
1 keV
)4( T
10 keV
)3(
104 g/cm3
ρs
)(
gaχγ
10−8 GeV−1
)2
(30)
with canonical parameters of horizontal branch
star cores; the star cooling bound implies that
 . 10 erg/g/s. A more stringent bound is given
by the required agreement between the predicted and
observationally inferred core mass at the helium flash
of red giants. This is to be expected, since the bounds
on the coupling gaχγ can be directly read from the
existing constraints on a putative neutrino magnetic
dipole moment µν . The plasmon decay rate is the same
for both channels [31], after substituting
gaχγ → 4µν ; (31)
non-standard neutrino losses would delay the ignition of
helium in low-mass red giants [61]. With a 95% confi-
dence level µν . 1.4× 10−9GeV−1 [62], which translates
to the bound gaχγ . 6 × 10−9GeV−1. Interestingly, a
cooling excess has been claimed for this class of stars [63],
and the plasmon decay to an ALP and a hidden photon
with a coupling of this size would contribute as an ad-
ditional cooling channel. It shall be noted however that
plasmon decay cannot account for some of the cooling
hints [63, 64].
3 Using equation (26) for relativistic plasma, mT ' 3ωpl/2 and
ω2pl =
4piαT2
9
, one sees that in the early universe plasmon decay
is negligible compared to pair annihilation.
V. GAMMA-RAY ATTENUATION
The increased EBL flux has observable impact on the
propagation of very high energy E > 0.1 TeV photons
due to enhanced rate of e+e− pair production process.
This effect may relax the tension between the predicted
γ-ray flux and the Fermi LAT measurement of isotropic
gamma-ray background (IGRB) [65] in traditional mul-
timessenger scenarios of high energy neutrino origin (see
e.g. [66–71]) and eliminate need of hidden cosmic-ray ac-
celerator [72]. In Fig. 4 we illustrate the effect. We calcu-
late the neutrino and the accompanying γ-ray flux in the
minimal pγ production scenario of Ref. [72] with bν = 25
TeV, assuming low X-ray luminosity AGN evolution of
Ref. [75] for the sources and the minimal EBL model [24]
with or without the contribution from ALP, for which
we use model A.4 The spectra shown were obtained by
solving transport equations for neutrinos and electron-
photon cascades with the public numerical code [76]. The
effect of the increased EBL is clearly seen on the γ-ray
flux above 100 TeV. In principle, the enhanced Universe
opaqueness for γ-rays predicted in the above scenario will
only sharpen the well known problem of unexpectedly
hard γ-ray spectra detected from the remote blazars. In
Appendix A a consistency check is carried out to ver-
ify the compatibility of our scenario with blazar obser-
vations. We found that the only parameters range ex-
cluded by analysis of the deabsorbed spectra is the one
of model B, which is already excluded by the observed
angular power spectrum, whereas models A and Cth(nth)
are viable.
VI. CONCLUSIONS
In this paper we have explored the possibility that the
high EBL spectrum detected by the CIBER collabora-
tion could be due to the decay of an axionlike particle
with mass around an electronvolt. Taking into account
multimessenger, multiwavelength observations, we have
shown that a warm dark matter component, produced
either thermally or nonthermally, can explain the en-
hanced EBL detected by the sounding rocket CIBER.
The increased level of EBL alleviates the tension between
the neutrino flux detected at IceCube and the gamma-
ray flux measured by Fermi, assuming a pγ production
scenario. We have shown that the anisotropy measure-
ments do not exclude this solution, and we have studied
the effect on the propagation of γ rays detected from
distant sources, such as the Blazar Lac PG 1553+113.
The ALP we consider is not in contradiction with cur-
rent astrophysical observations, and the concordance of
multimessenger, multiwavelength data lends credibility
4 We remark again that model A and Cth are indistinguishable at
the level of the intensity spectrum.
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FIG. 4. The γ-ray and neutrino fluxes expected in a minimal pγ production scenario of Ref. [72] (see details in text). Also
shown are the per-flavor IceCube neutrino flux according to [73] (blue error bars) and more resent estimate [74] (green band).
The gamma-ray flux in the absence of ALP decays (dotted line) is decreased in the presence of an additional EBL component
(solid line), which alleviates the tension with Fermi LAT IGRB measurements [65].
to the hypothesis that a decaying particle contributes to
the measured excess of infrared background radiation.
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Appendix A: Consistency with blazar observables
The enhanced Universe opaqueness for γ-rays pre-
dicted in the ALP decay scenario sharpens the well-
known problem of unexpectedly hard γ-ray spectra de-
tected from the remote blazars. A possible solution to
this problem proposed in Ref. [16–20, 78–82] is based
on the natural assumption that the blazars also emit ul-
trahigh energy cosmic rays which contribute to the ob-
served γ-ray flux through secondary electromagnetic cas-
cades produced in line of sight cosmic ray interactions.
The above scenario allows to avoid exponential γ-ray flux
suppression with distance from the source.
The straightforward way to find if an extra component
is needed to fit the observations is to construct the so
called deabsorbed spectrum, i.e. the primary spectrum
recovered from the observations assuming no extra com-
ponents. The negative break in the deabsorbed spectrum
can be considered as a good indication of extra compo-
nent presence. By definition the deabsorbed spectrum
Fde−absorbed = exp(τ(z, E))Fobserved (A1)
depends not only on source redshift but also on the EBL
model assumed through optical depth τ . We will illus-
trate this point on high-frequency peaked BL Lac object
PG 1553+113, one of the most variable remote sub-TeV
γ-ray sources known today. Its γ-ray flaring activity has
been detected by H.E.S.S. telescopes during the nights of
2012 April 26 and 27 when the source flux above 0.3 TeV
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FIG. 5. Observed spectral energy distribution of PG 1553+113 measured during the flare by Fermi LAT (power law approx-
imation) and H.E.S.S. (as shown in Fig.3 of Ref. [77]) together with the deabsorbed spectra calculated using EBL model of
Ref. [10] with or without extra contribution from ALP.
increased by a factor of 3 with evident signs of variability
on scale of hours [77]. In Fig. 5 (left) we show the aver-
age spectrum of the object measured during the flare by
Fermi LAT and H.E.S.S. (as shown in Fig. 3 of Ref. [77])
together with the deabsorbed spectra calculated using
EBL model of Ref. [10] with or without extra contribu-
tion from ALP decay models A, B and Cth(nth). We use
lower limit z > 0.43 [83] as a conservative source redshift
estimate. It is now clear from the figure that increased
EBL may lead to negative break in the deabsorbed spec-
trum, which indicates presence of extra component.
Let us assume now that the extra component is not
as highly variable as we would expect in the case of sec-
ondary γ from cosmic rays. Would it contradict observa-
tions? To answer this question in a conservative manner,
we calculate the maximal expected integral flux of pri-
mary γ above 0.3 TeV during the flare phase F varmax and
the minimal required integral flux of the constant extra
component F extmin. We calculate F
var
max assuming power low
injection and maximal initial γ flux consistent with Fermi
LAT observations below 30 GeV. F extmin is then calculated
simply by subtraction of the primary component from
the average observed flux at flare phase. For ALP mod-
els A, B and C we get F varmax/F
ext
min integral flux ratio equal
to 2.3, 0.36 and 7.6 respectively. From the observation
that average integral flare flux above 0.3 TeV is 3 times
higher than pre-flare flux we infer
3 =
F var + F ext
F const + F ext
<
F var + F ext
F ext
=
F var
F ext
+ 1, (A2)
where F const is possible contribution of primary photons
in pre-flare flux. Now it is obvious that the condition
F var/F ext < 0.36 which we have in case of model B con-
tradicts (A2), while other models are still in line with the
inequality.
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